Thermus thermophilus HB8 expresses silica-induced protein (Sip) when cultured in medium containing supersaturated silicic acids. Using genomic information, Sip was identified as a Fe 3؉ -binding ABC transporter. Detection of a 1-kb hybridized band in Northern analysis revealed that sip transcription is monocistronic and that sip has its own terminator and promoter. The sequence of the sip promoter showed homology with that of the A -dependent promoter, which is known as a housekeeping promoter in HB8. Considering that sip is transcribed when supersaturated silicic acids are added, the existence of a repressor is presumed. DNA microarray analysis suggested that supersaturated silicic acids and iron deficiency affect Thermus cells similarly, and enhanced sip transcription was detected under both conditions. This suggested that sip transcription was initiated by iron deficiency and that the ferric uptake regulator (Fur) controlled the transcription. Three Fur gene homologues (TTHA0255, TTHA0344, and TTHA1292) have been annotated in the HB8 genome, and electrophoretic mobility shift assays revealed that the TTHA0344 product interacts with the sip promoter region. In medium containing supersaturated silicic acids, free Fe 3؉ levels were decreased due to Fe 3؉ immobilization on colloidal silica. This suggests that, because Fe 3؉ ions are captured by colloidal silica in geothermal water, Thermus cells are continuously exposed to the risk of iron deficiency. Considering that Sip is involved in iron acquisition, Sip production may be a strategy to survive under conditions of low iron availability in geothermal water.
S
ilica (SiO 2 ) is one of the most abundant substances in the Earth's crust. In aqueous solution, silica dissolves as monosilicic acid, Si(OH) 4 , the solubility of which depends on conditions such as temperature, pH, and salt concentrations (1) . In geothermal water at high temperature and pressure underground, silicic acids are in equilibrium with the quartz in rock layers, with concentrations reaching around 600 ppm at 300°C. When this geothermal water is discharged to the surface, where the solubility of amorphous silica is about 300 ppm, the silicic acids become supersaturated as the temperature and pressure decrease. Under these conditions, silicic acids polymerize to form polysilicic acids, which are relatively stable in aqueous solution because the repulsion between the negatively charged colloidal particles keeps them from rapidly aggregating and precipitating. Despite this physicochemical stability, siliceous deposits frequently form in geothermal fields, where they are referred to as silica sinter, and at geothermal power plants, where they are referred to as silica scale.
Moreover, it appears that this formation of siliceous deposits reflects the actions of bacteria (2) (3) (4) , although the mechanism by which bacterial cells form siliceous deposits remains open to debate.
Thermus strains are major inhabitants of the hot water at geothermal power plants (5) , and there is a strong correlation between the amount of bacteria living at the plants and the volume of the siliceous deposits formed (6) . This circumstantial evidence suggests these thermophilic bacteria contribute to silica deposition. In an earlier study, we isolated Thermus thermophilus TMY from water samples collected at geothermal power plants and we found the organism to be closely related to T. thermophilus HB8 (7) . Strain TMY and other Thermus strains are able to produce a specific protein, silica-induced protein (Sip), when cultured in medium containing supersaturated silicic acids (8) . On the basis of the internal amino acid sequence of Sip from strain TMY and the genomic information for strain HB8, Sip showed a high level of homology with a Fe 3ϩ -binding ABC transporter (9) . To date, there have been no reports of silica-inducible proteins other than those derived from organisms such as diatoms and sponges, which utilize silica in their frameworks (10) (11) (12) . Those organisms, which require silicic acids for their growth but usually live in environments with low silicic acid levels, have evolved a system to take up and to concentrate silicic acids in a specific organelle during cell division, which is when the genes involved in biomineralization are induced. Unlike diatoms, however, Thermus strains live in environments that usually contain supersaturated levels of silicic acids, and silicon is not an essential element for them. Therefore, it is noteworthy that a Fe 3ϩ -binding ABC transporter is induced in response to silicic acids. The mechanism of this induction remains unknown.
The ferric uptake regulator (Fur) is known to regulate the expression of iron homeostasis genes in response to intracellular iron levels. Iron's interactions can lead to the generation of reactive oxygen species such as peroxides and hydroxyl radicals, which damage proteins, lipids, and DNA (13) . Consequently, iron uptake needs to be tightly controlled. In many bacteria, expression of iron transport systems is negatively controlled by Fur (14) . If Sip functions as a Fe 3ϩ -binding ABC transporter, one would expect it to be controlled by Fur. Furthermore, there may be a correlation between silicic acid levels and the iron concentrations in geothermal environments.
Here we report the mechanism underlying Sip expression, which we deduced on the basis of transcriptional and quantitative inorganic analyses. Our findings indicate that Sip expression is closely related to the availability of iron in the growth medium. Considering that Thermus strains are continuously exposed to supersaturated silicic acids, Sip likely plays an important role in iron circulation and silica deposition in geothermal environments.
MATERIALS AND METHODS
Strains and growth conditions. T. thermophilus HB8 (ATCC 33923) was routinely grown in strongly aerated (200 rpm) Thermus medium (TM) (15) , which consisted of 0.4% polypeptone, 0.2% yeast extract, 0.1% NaCl, and 0.1% Castenholz' basal salt solution (16) . The optical density at 660 nm (OD 660 ) of the cultures was measured using a photoelectric colorimeter (Taitec MiniPhoto 518R; Taitec Co. Ltd., Tokyo, Japan). Prior to use, the pH of the medium was adjusted to 7.2 with HCl, after which the medium was autoclaved. TM containing various concentrations of silicic acids was prepared as described previously (8) . The maximum silicic acid concentration was set at 600 ppm (10 mM) because that is about the level of silicic acids in natural geothermal water (17) . To determine the effect of silicic acids with excess iron, 1 ppm FeCl 3 was added to TM containing 600 ppm silicic acids. Iron-deficient TM was prepared by adding 10% (wt/vol) Chelex 100 resin (Bio-Rad Laboratories Inc., Hercules, CA, USA) to freshly prepared TM, which was then shaken overnight to remove the metal ions from the medium. After removal of the Chelex 100 resin by filtration, appropriate Castenholz' basal salt solution without iron was added. For the complementation test in the quantitative reverse transcription (qRT)-PCR analysis, 0.2 ppm (1.23 M) FeCl 3 was added to irondeficient TM.
Fe 3ϩ concentrations in the media were measured using an inductively coupled plasma optical emission spectrometer (Vista-MPX; Seiko Instruments Inc., Chiba, Japan). The values obtained through direct measurements of unfiltered medium were defined as the total Fe 3ϩ concentrations, while the values obtained after the medium was filtered through a 0.2-m filter were defined as the free Fe 3ϩ concentrations. Filtration was done to remove colloidal silica particles.
Preparation of cell envelope protein. T. thermophilus HB8 was cultivated in TM, iron-deficient TM, or TM containing silicic acids at levels yielding SiO 2 concentrations of 0, 200, 400, or 600 ppm (0, 3.3, 6.6, or 10 mM). When the OD 660 reached 0.6., the cells were harvested by centrifugation, and the cell envelope proteins were prepared as described previously (8) . The resultant pellets were suspended in SDS sample buffer (0.05 M Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.01% bromphenol blue [BPB] ) and then subjected to 12.5% SDS-PAGE.
Cloning, overexpression, and purification of Sip. The sip gene (TTHA1628) was amplified from T. thermophilus HB8 chromosomal DNA using PCR with primers TTHA1628F and TTHA1628R (see Table  S1 in the supplemental material). The amplified PCR fragment was cloned into pET21a (Novagen) at the NdeI and XhoI sites to generate a plasmid vector encoding hexa-histidine (His)-tagged Sip (i.e., recombinant Sip [rSip]), which was used to transform Escherichia coli Rosetta2(DE3). A single colony of freshly transformed cells was then inoculated into LB medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter) containing 50 g/ml ampicillin and 50 g/ml chloramphenicol. When the OD 660 reached 0.6, 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to the culture, and the culture was continued for an additional 3 h. The cells were then collected by centrifugation, resuspended in 20 mM Tris-HCl buffer (pH 8.0), and disrupted using an ultrasonic disrupter, after which the cell debris and unbroken cells were removed by centrifugation. The supernatant was applied to Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) and eluted with 500 mM imidazole. The His-tagged Sip (rSip) was desalted by dialysis and concentrated by ultrafiltration (Amicon). The concentration of the purified protein was then determined using a Quant-iT protein assay kit (Invitrogen). Purified rSip was yellowish in color, suggesting that it contained ferric iron. To remove iron from yellowish rSip (holo-rSip), rSip was treated, in an Amicon ultracentrifugal filter (Amicon), with 250 mM sodium citrate at least five times, after which there was negligible absorbance at 450 nm (A 450 ). The colorless rSip after removal of iron (apo-rSip) was then washed three times with 20 mM Tris-HCl (pH 8.0).
UV-visible spectroscopy. UV-visible spectroscopy was carried out as described previously (18) . In brief, UV difference spectra were recorded after the addition of Fe(III)(NTA) 2 to apo-rSip. For titration assays, 1 l of 5.6 mM Fe(III)(NTA) 2 was added to 1 ml of 28 M apo-rSip solution and left to equilibrate at room temperature for 30 min. The binding or release of Fe 3ϩ was monitored by the increase or decrease in absorbance at 450 nm.
Northern hybridization analysis and reverse transcription-PCR. T. thermophilus HB8 was cultivated in TM at 70°C until the OD 660 reached 0.6. The culture was then divided into three portions, and the cells were separately collected by centrifugation and resuspended in equal volumes of TM, TM containing 600 ppm SiO 2 , or iron-deficient TM. After cultivation for an additional 1 h at 70°C, the cultures were collected, treated with RNAprotect Bacteria reagent (Qiagen, Hilden, Germany), and stored at Ϫ80°C until needed. Total RNA extraction and purification were carried out as described previously (19) .
A 990-bp fragment containing the sip gene was amplified by PCR using primers sipF and sipR (see Table S1 in the supplemental material), after which the product was labeled with digoxigenin (DIG) using a DIG High Prime DNA labeling and detection kit II (Roche Applied Science, Penzberg, Germany). In addition, aliquots (5 g) of total RNA in MOPS (morpholinepropanesulfonic acid) electrophoresis buffer (20 mM MOPS, 5 mM sodium acetate, 2 mM EDTA [pH 7.0]) were separated on a 1.5% agarose gel containing 0.66 M formaldehyde. The separated RNA was then transferred to a positively charged nylon membrane by capillary transfer, after which the membrane by baked at 120°C for 30 min to immobilize the RNA. The membrane was then subjected to hybridization with the DIG-labeled PCR product of the sip gene. Labeled DNA was detected using anti-DIG antibodies and a standard DIG protocol (Roche). Finally, the membranes were treated with chemiluminescent substrate for alkaline phosphatase (CSPD; Roche) and exposed to X-ray film according to the manufacturer's instructions.
To clarify whether sip and its downstream genes generate polycistronic mRNA, RT-PCR analysis was carried out to detect mRNA molecules containing intergenic sequences. cDNA was synthesized from total RNA extracted from silica-treated or untreated HB8 cells using a SuperScript first-strand synthesis system for RT-PCR (Invitrogen). The PCR was carried out using KOD -plus-Neo (Toyobo, Osaka, Japan) with the primer sets RT1 to RT5 (see Table S1 in the supplemental material). The PCR protocol entailed an initial denaturation step at 95°C for 1 min followed by 20 cycles of 95°C for 10 s, 53°C for 15 s, and 68°C for 25 s. Primer extension. The 5= end of the sip transcript was identified through primer extension using the Moloney murine leukemia virus (M-MLV) reverse transcriptase (Toyobo). A 21-bp primer, PExIRD800 (see Table S1 in the supplemental material), was designed to hybridize 99 bp downstream of the sip start codon. After approximately 10 g of total RNA was dissolved in 20 l of hybridization buffer (1 mM EDTA, 400 mM NaCl, 40 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)] [pH 6.4], 50% [vol/vol] formamide), 1.5 l of PExIRD800 primer (1.0 pmol/ml) was added, and the mixture was denatured at 80°C for 15 min and then cooled for 1 h at room temperature. The RNA-primer hybrid was precipitated with ethanol and then dissolved in 10 l of extension reaction mixture containing 2 l of 5ϫ buffer for M-MLV reverse transcriptase, 4 l of 2.5 mM deoxynucleoside triphosphates (dNTPs), 3 l of distilled water, and 1 l of M-MLV reverse transcriptase (Life Technologies, Carlsbad, CA, USA). This mixture was incubated for 1 h at 42°C, after which the extended product was purified through phenol-chloroform extraction and ethanol precipitation. The resultant pellet was air dried and dissolved in a mixture of 2 l of distilled water and 1 l of IR 2 Stop solution (Li-Cor, Lincoln, NE, USA). This solution was denatured at 95°C for 2 min, and 1.8 l was loaded onto a gel. As sequencing ladders, 1-kb regions containing putative promoters (corresponding to positions [bases] Ϫ344 to ϩ119 from the sip start codon) were amplified by PCR using the PETf/PETr primer set (see Table S1 in the supplemental material) and then cloned into pTA2 (Toyobo). The resulting plasmid (PE/ pTA2) was sequenced using PExIRD800 primers with a Thermo Sequenase cycle sequencing kit (GE Healthcare, Little Chalfont, United Kingdom). The primer extension products and sequencing reaction products were analyzed with a DNA sequencer (model LIC-4200L-1; Li-Cor).
DNA microarray analysis. Total RNA was prepared as described above. cDNA synthesis, cDNA fragment labeling, and hybridization to a TTHB8401a520105F GeneChip (Affymetrix, Santa Clara, CA, USA) were carried out according to the manufacturer's instructions. The t test P values for the observed differences in the normalized intensities between TM and TM with 600 ppm SiO 2 or iron-deficient TM were calculated using Subio Platform (Subio, Amami, Japan), after which the false discovery rates (P values) were calculated. To determine the relative mRNA expression level of each sample, data from three independent samples were processed.
Quantitative reverse transcription-PCR. After cultivation in TM at 70°C until the OD 660 reached 0.6, T. thermophilus HB8 cells were resuspended in equal volumes of TM containing SiO 2 (200 to 600 ppm), irondeficient TM, or iron-replete TM and were cultivated for an additional 1 h at 70°C, after which total RNA was extracted. To determine the relative level of sip transcription, quantitative RT-PCR was carried out using a One
Step SYBR PrimeScript RT-PCR kit II (TaKaRa Bio, Otsu, Japan) in a LightCycler 2.0 system (Roche). Primer design and the PCR conditions were the same as described previously (19) . The primers used are listed in Table S1 in the supplemental material.
Cloning, overexpression, and purification of Fur. Three candidate Fur proteins from T. thermophilus HB8 (TTHA0255, TTHA0344, and TTHA1292) were identified through sequence analysis of the T. thermophilus HB8 genome, and the proteins were overexpressed using an Impact kit (New England BioLabs, Ipswich, MA, USA). DNA fragments from these genes were amplified by PCR using the primer pairs TTHA0255F/ TTHA0255R, TTHA0344F/TTHA0344R, and TTHA1292F/TTHA1292R (see Table S1 in the supplemental material), after which the PCR products were cloned into pTXB1 at the NdeI and SapI sites to generate pTXB1/ TTHA0255, pTXB1/TTHA0344, and pTXB1/TTHA1292, respectively. The plasmids were then used to transfect E. coli Rosetta2(DE3)pLysS (Merck Millipore, Darmstadt, Germany). The candidate Fur proteins, expressed as fusion proteins with the chitin-binding domain, were purified from cell extracts by affinity chromatography, after which the chitin domain was removed through intein-mediated autocleavage using the Impact kit protocols. The eluted fractions were dialyzed against 20 mM Tris-HCl (pH 7.5) and concentrated using an Amicon Ultra-15 unit (molecular mass cutoff value, 3,000 Da; Merck Millipore). Protein concentrations were determined with the Quant-iT protein assay kit (Invitrogen).
Electrophoretic mobility shift assay. A 191-bp fragment containing the sip promoter region (positions Ϫ156 to ϩ34, relative to the transcription initiation site [TIS]; Psip) was amplified from T. thermophilus HB8 chromosomal DNA using PCR with primers PsipF and PsipR (see Table S1 in the supplemental material). After purification, the fragment was endlabeled with DIG-dideoxyuridine triphosphate (ddUTP). The electrophoretic mobility shift assay (EMSA) was performed in a 10-l volume containing binding buffer [ ], 10 fmol of DIG-labeled DNA, and selected concentrations of TTHA0255, TTHA0344, or TTHA1292. If needed, a 200-fold excess of unlabeled competitor DNA was added to the mixture before the addition of the Fur protein and labeled DNA. The reaction mixture was incubated for 30 min at room temperature, and then the reaction products were analyzed by electrophoresis in a 6% native polyacrylamide gel in 1ϫ TGM buffer (25 mM Tris, 192 mM glycine, 100 M MnCl 2 ). The gels were prerun at 12 V cm Ϫ1 for 30 min and then run at 12 V cm Ϫ1 for 60 min. After electrophoresis, the samples were transferred to positively charged nylon membranes (GE Healthcare), and the DNA was fixed by baking for 30 min at 80°C. The labeled DNA was detected using anti-DIG antibodies and a standard DIG protocol (Roche). The membranes were then treated with CSPD (Roche) and exposed to X-ray film according to the manufacturer's instructions.
Microarray data accession number. The DNA microarray data were deposited in the NCBI Gene Expression Omnibus (GEO) (http://www .ncbi.nlm.nih.gov/geo) and are accessible through GEO series accession no. GSE46868.
RESULTS AND DISCUSSION
Sip expression in supersaturated silicic acids. In our earlier study, we found that silicic acids induced expression of Sip in T. thermophilus TMY isolated from geothermal power plants and that the effect was concentration dependent (8) . Sip was also strongly induced in HB8 cells cultivated in the presence of silicic acids at concentrations greater than 400 ppm (see Fig. S1 in the supplemental material). This is consistent with the finding that supersaturated silicic acids strongly induce Sip production, given that 300 ppm silicic acids (as SiO 2 ) is a saturating concentration at 70°C. In supersaturated solutions, silicic acids polymerize, forming colloidal silica (1). Therefore, we suggest that Sip is produced in response to the presence of colloidal silica.
Characterization of the sip transcript. As we reported previously (8), the amino acid sequence of Sip is similar to that of a solute-binding protein, the Fe 3ϩ -binding ABC transporter, predicted from the HB8 genome. The Fe 3ϩ -binding ABC transporter functions in the process of Fe 3ϩ uptake, and it has been analyzed in detail in such pathogenic bacteria as Serratia marcescens (20) , Actinobacillus actinomycetemcomitans (21) , Haemophilus influenzae (22) , and Vibrio cholerae (23) . These Fe 3ϩ uptake systems consist of a periplasmic substrate-binding protein, permease, and ATPase, and the genes involved are usually regulated as an operon; sip has a similar arrangement but with a palindromic structure situated between the sip and permease genes (Fig. 1A) . When hybridized with a sip-specific DNA probe, total RNA from T. thermophilus HB8 gave a single band with an estimated size of 1 kb on Northern blots (Fig. 1B) . This means that sip is most likely transcribed as a monocistronic transcriptional unit, and it suggests the presence of distinct transcription initiation and termination signals upstream and downstream of the gene, respectively. On the other hand, RT-PCR yielded a band derived from the sip downstream region (Fig. 1C) . RT-2, corresponding to the intergenic region of TTHA1628 (sip) and TTHA1629, gave a weaker band than RT-1 (sip) when cells were treated with supersaturated silicic acids. RT-3, RT-4, and RT-5, corresponding to TTHA1629, TTHA1630, and the intergenic region, respectively, gave nearly the same band intensities as RT-2. This means that most mRNA products stop at the palindromic structure between TTHA1628 and TTHA1629, yielding a 1-kb transcript, although some degree of read-through may occur. When cells were cultured in medium without silicic acids, the sip transcription level was reduced and transcription of the downstream gene was negligible. The transcription of sip was dramatically enhanced by the addition of supersaturated silicic acids to HB8 cultures, and similar transcriptional enhancement was induced by iron deficiency. In addition, the sizes of the transcripts were the same whether induced by silica stress or iron deficiency, which suggests that exposure to supersaturated silicic acids or deletion of iron provides nearly the same stimulus at the transcriptional level.
Determination of the 5= end of the sip transcript and analysis of the promoter sequence. To elucidate the mechanism by which supersaturated silicic acids stimulate sip transcription, we used primer extension to determine the gene's transcription initiation site (TIS). Because Sip shows similarity to the Fe 3ϩ -binding ABC transporter, we also determined the TIS after cells were cultured in iron-deficient medium. Although the band detected under irondeficient conditions was weak, nearly the same bands were detected when cells were exposed to supersaturated silicic acids or iron deficiency. This led us to map the 35 nucleotides upstream of the translation initiation codon of sip (Fig. 1D) , which also revealed the consensus Ϫ10 and Ϫ35 promoter sequences to be at the expected positions. Two types of factors have been reported for T. thermophilus HB8; one is the typical 70 -type factor, designated A , and the other is an extracytoplasmic function factor, designated E (24) . The putative sip promoter sequence is in good agreement with the sequence of the T. thermophilus A -dependent promoter (25) . Multiple-sequence alignment of seven promoters with identified transcription initiation sites revealed unambiguous sequence conservation of the Ϫ10 and Ϫ35 promoter elements (see Table S2 in the supplemental material). The Ϫ10 region (TACCCT) shared 3 of 6 bases with the consensus sequence (shown in bold), while the Ϫ35 region (TTGACA), situated 16 bases upstream of the Ϫ10 region, was completely identical to the consensus sequence. There was no consensus promoter sequence for E [5=-CA(A/T)(A/C)C(A/C)-N 15 -CCGTA-3=] (24) around the putative sip promoter region. This is noteworthy, as the factor is thought to be involved in the transcription of specialized genes such as those activated under specific stress conditions, growth transitions, and morphological changes. Because silica stress can act as an extraordinary condition, we anticipated that an alternative promoter or factor would be involved in sip transcription. This does not appear to be the case, however. Instead, the sip promoter region shows strong similarity to the A -dependent promoter, a typical housekeeping factor. Despite this fact, sip transcription was strictly controlled by silica stress, which suggests that one or more regulatory proteins are involved in controlling sip transcription.
Gene expression patterns in Thermus cells exposed to silica stress or iron deficiency. Although sip appears to respond similarly to both silica stress and iron deficiency, this does not enable us to conclude that silica stress affects the global Thermus cell response in exactly the same way that iron deficiency does. For that, an exhaustive analysis of the genes involved in these stimuli is needed. DNA microarray analysis should provide crucial evidence enabling us to determine whether silica stress and iron deficiency exert the same influences on cells. T. thermophilus HB8 cells cultivated for 1 h were analyzed at the open reading frame (ORF) level and compared to untreated cells. Using this approach, we detected 18 genes that were upregulated by silica stress and 20 that were upregulated by iron deficiency (Table 1) . Under silica stress, TTHA1628 (which corresponds to sip) and its downstream genes were markedly upregulated. This would seem to conflict with our inability to detect polycistronic mRNA containing TTHA1629 and TTHA1630 transcripts on Northern analysis. But, whereas Northern analysis reflects the absolute quantities of mRNA, microarray analysis indicates the relative levels of transcripts; therefore, some degree of sip gene read-through may have occurred. In addition, because stem-loop structures can function to stabilize messages, the presence of a palindrome may enable sip to be expressed at much higher levels than permease or ATPase, which would be consistent with our inability to detect proteins corresponding to the latter two enzymes after cells were subjected to silica stress.
Expression of other genes related to iron uptake has also been detected when Thermus cells are subjected to silica stress. For example, TTHB215 and its downstream genes were annotated as an iron uptake ABC transporter system. Interestingly, TTHB220 showed homology with the hemin-binding ABC transporter. This implies that Thermus cells produce siderophores to gain iron from the thermal environment. Moreover, nearly the same genes were upregulated upon addition of supersaturated silicic acids. Because of the electrical polarization of Si-O-Si bonds, colloidal silica particles are wholly negatively charged. The resultant repulsion between the negative charges on the surface makes colloidal silica relatively stable in aqueous solution. On the other hand, the negatively charged colloidal silica can accumulate positively charged substances, such as Fe 3ϩ ions. Therefore, we suggest that Fe 3ϩ ions are adsorbed onto the surface of colloidal silica particles, which may lead to iron deficiency under silica-stressed conditions.
Iron is essential to nearly all known organisms. In mammals, iron is bound to Fe 3ϩ -binding proteins (Fbps) (transferrin, lactoferrin, and ferritin) and hemoproteins (e.g., hemoglobin, hemopexin, and albumin), and pathogenic bacteria have evolved various strategies to scavenge iron from mammalian hosts (26) due to extremely low availability of iron in the host. Iron solubility in neutral-alkaline environments is relatively low (around 0.15 ppm at 25°C); however, the concentration of iron seems to be sufficient for Thermus, because no Sip was expressed when cells were cultured in normal TM (see Fig. S1 , lane 1, in the supplemental material). TM contains about 0.2 ppm iron (derived from peptone and yeast extract), and natural geothermal water contains iron at the same level (17) . Considering that sufficient iron dissolves in geothermal water and there are few competing organisms in geothermal environments, it seems somewhat surprising that Thermus strains have evolved strong Fe 3ϩ -uptake systems, including siderophores. However, along with the poor solubility of Fe 3ϩ -containing minerals at neutral pH values, it appears that Thermus strains must cope with plentiful colloidal silica, which captures the dissolved Fe 3ϩ , making it a limiting nutrient for growth in geothermal water. In light of their requirement for Fe 3ϩ and their stiff competition with colloidal silica, it is not surprising that Thermus strains have evolved strategies to scavenge Fe 3ϩ using siderophores.
Quantification of gene expression using qRT-PCR. To validate the microarray data, we next carried out qRT-PCR analysis of the sip gene ( Fig. 2A) . The relative level of sip transcription was not increased in TM containing silicic acids at 200 ppm, with an unsaturated level of amorphous silica, compared to normal TM. The relative transcription levels were increased in TM containing 400 or 600 ppm silicic acids, however, and the magnitude of the effect was dependent on the silica concentration. Compared to TM, transcription was 7.14-fold and 16.4-fold higher with 400 ppm and 600 ppm silicic acids, respectively. Similarly, sip transcription was 9.71-fold higher in cells cultivated in iron-deficient TM, compared with normal TM; that is, the magnitude of the increase in sip transcription was about the same as that seen in TM containing 600 ppm silicic acids. On the other hand, sip transcription in ironreplete medium was about the same as that in TM. In addition, Sip expression was not observed when the cells were cultivated in medium containing 600 ppm silicic acids with excess iron (see Fig.  S1 , lane 6, in the supplemental material). This means that Sip expression is not caused by supersaturated silica as long as sufficient iron is present. These results suggest that sip transcription is responsive to the Fe 3ϩ concentration in the medium. Supersaturated silica provokes iron deficiency in the medium. Given that sip transcription was induced by both silica addition and iron deficiency and that the sip promoter interacts with a putative iron uptake regulator, we suggest that sip is regulated in a Fe 3ϩ -dependent manner and that sip transcription in Thermus cells subjected to silica stress reflects the availability of Fe 3ϩ in the medium. To test this hypothesis, we measured the Fe 3ϩ concentration in the medium. Because Fe 3ϩ ions can be trapped on the negatively charged colloidal silica, we removed the colloidal silica particles from the medium by filtration (0.20-m pore size). Any Fe 3ϩ not adsorbed onto the silica particles was defined as free. Figure 2B shows the total and free Fe 3ϩ concentrations in each medium used in this study. In TM, the total and free Fe 3ϩ concentrations were both about 0.2 ppm. The total and free Fe 3ϩ concentrations in iron-deleted TM were also about the same but were only about 0.01 ppm, demonstrating the ability of Chelex 100 resin to remove Fe 3ϩ from the medium. After filtering of the TM containing silicic acids (i.e., removing the colloidal silica), the Fe 3ϩ concentration was reduced; the size of the reduction increased with the silica concentration, such that the free Fe 3ϩ concentration in TM containing 600 ppm silicic acids was only about one-half of that in TM. This result confirms that colloidal silica adsorbs Fe 3ϩ , thereby reducing its availability in the medium. Field research in the Hacchobaru geothermal area indicates the iron concentration in most geothermal water to be below 0.2 ppm (17) . The iron concentration in natural geothermal water may thus be a little lower than the concentrations in our experiment; however, the effect of supersaturated silicic acids would be more severe in natural geothermal water. Furthermore, the iron evaluated here is just the amount of iron absorbed on the colloidal silica greater than 0.2 m. Practically, however, smaller colloidal silica particles that chelate ferric iron might exist in the medium, and it can be easily assumed that iron deficiency in the medium with supersaturated silica is greater.
Sip (20, 21, 27, 29, 31) . From the alignment of the amino acid sequences of these proteins, it appears that Sip contains only 2 of the 4 conserved amino acid sequences required for Fe 3ϩ binding (data not shown). However, the crystal structure of Sip (TTHA1628) and the molecular mechanism by which Sip binds Fe 3ϩ were recently reported (32) . To confirm Sip's ability to bind Fe 3ϩ , we prepared apo-rSip and tested whether it would capture Fe 3ϩ . When we monitored a titration of Fe 3ϩ with apo-rSip using UV-visible spectroscopy, we detected a broad band centered at 450 nm that was derived from the ligand-to-metal charge transfer (LMCT) and increased in intensity with the addition of Fe 3ϩ (Fig. 3A) . When the molar ratio (r) of Fe 3ϩ to rSip reached 1, no further effect was observed. A plot of the changes in A 450 against r is shown in Fig. 3B . The absorbance at 450 nm increased with increases in r until a plateau was reached when r equaled 1. This indicates that 1 mol of Fe 3ϩ binds per 1 mol of rSip, and it experimentally confirms the ability of rSip to bind Fe 3ϩ . We also tried to develop a sip null mutant, but none has been detected to date. This fact suggests that sip may be a gene essential for survival. Given that Fe 3ϩ is essential for bacterial survival, this result also implies that Sip functions as a Fe 3ϩ uptake protein. Fur interacts with the sip promoter region. The transcriptional regulation of Fe 3ϩ uptake is highly conserved in bacteria; the repressor Fur interacts with a specific operator sequence (called a Fur box) in the promoter region (28, (33) (34) (35) . In various bacterial species, Fur coordinates the signaling pathways governing Fe 3ϩ uptake and homeostasis in response to available Fe 3ϩ . Fur proteins sense the intracellular Fe 3ϩ levels and act primarily to repress the transcription of genes under iron-rich conditions through ligation of Fe 2ϩ (36, 37) . Under iron-restricted conditions, Fur is released from the Fur box and the affected genes are expressed, endowing bacterial cells with the ability to take up Fe 3ϩ from the extracellular environment. We presume that Fur binds to the promoter region of sip (TTHA1628) to regulate its expression.
The T. thermophilus HB8 genome appears to contain three Fur homologues, i.e., TTHA0255, TTHA0344, and TTHA1292. Figure 4A shows the sequence alignment of these Fur-like proteins as well as Fur proteins from Helicobacter pylori (HpFur), Escherichia coli (EcFur), and Bacillus subtilis (BsFur). The Fur family is composed of metal uptake regulators that control the homeostasis of metal ions such as iron, zinc, nickel, and manganese and includes a peroxide-sensing protein. Although these proteins show diverse regulatory functions, they share similar architectures that include a DNA-binding domain and one or more metal-binding sites. HpFur, for example, has three metal-binding sites, referred to as S1, S2, and S3 (38) . Nearly all of the residues involved in metal binding are conserved in the Fur-like proteins of Thermus (39, 40) .
To examine the binding of these Fur homologues to the sip promoter in vitro, we carried out EMSAs using DNA fragments covering the sip promoter region as the probe. Our findings show that the TTHA0344 product was able to shift the target probe DNA in a dose-dependent manner (Fig. 4B, lanes 1 to 6) . To test the specificity of the reaction, we added a large excess (200-fold) of unlabeled DNA, which completely inhibited the binding of labeled DNA (Fig. 4B, lane 7) . On the other hand, the TTHA0255 and TTHA1292 products did not bind to the sip promoter region (Fig. 4B, lanes 8 and 9) . From these results, it appears that the TTHA0344 product regulates sip transcription as a Fe 3ϩ uptake regulator. In Bacillus subtilis, three Fur paralogues regulate different sets of genes (35) ; Fur represses genes in response to iron sufficiency (33) , PerR controls the genes involved in an oxidative stress response (41, 42) , and Zur represses two operons encoding zinc transporters (43, 44) . The TTHA0255 and TTHA1292 products may function like PerR or Zur. Fur box sequences are somewhat conserved among bacteria, including the E. coli (5=-GATAA TGATAATCATTATC-3=) (45), B. subtilis (5=-GATAATGATTAT CAATTGC-3=) (46) , and Staphylococcus aureus (5=-GATAATGA TTCTCATTGTC-3=) (34) Fur boxes. However, these consensus sequences were not seen around the promoter region of sip, suggesting that the T. thermophilus Fur box sequence differs from that of other bacteria. Further investigation (e.g., DNase I footprinting) will be required for a full understanding of the mechanism by which Furs regulate transcription in T. thermophilus.
It has been shown that Sip binds to ferric iron and the sip gene is under the control of Fur. These results lead us to the conclusion that Sip functions as a ferric iron-binding protein (Fbp) . From now on, we should call Sip TthFbp (T. thermophilus Fbp) to avoid confusion. We refer to the protein as TthFbp (Sip) in this paper.
Deduced mechanism of sip induction. This work describes the indirect activation of Tthfbp (sip) by colloidal silica through its interaction with Fe 3ϩ , and thus adds it new information to Tthfbp (sip) regulation models (Fig. 5) . Our data also shed light on the role of Fur in TthFbp (Sip) induction. Under supersaturated conditions, silicic acid molecules polymerize to form negatively charged colloidal silica particles, which adsorb Fe 3ϩ onto their surfaces. The resultant decrease in available Fe 3ϩ stimulates Fur to unbind from the Tthfbp (sip) promoter region, enabling its transcription to be initiated.
Although the function of the TTHA1628 product in vivo has not been determined, its transcriptional mechanism, crystal structure, and ability to bind iron imply that it functions as a Fe 3ϩ uptake system. Silica does not directly induce TthFbp (Sip) production; instead, it acts indirectly by affecting Fe 3ϩ levels. This implies that Fur-regulated genes in other bacteria may also be induced by supersaturated silicic acids. Since colloidal silica is not toxic to living organisms, silica-inducible gene expression could be a useful tool for genetic engineering. From a biological viewpoint, these findings provide a new perspective on the cycles of iron and silica in geothermal environments. Low iron availability caused by supersaturated silicic acids in geothermal environments would be expected to stimulate organisms to develop iron uptake systems, including the production of siderophores. Further studies of bioinorganic chemistry will be required for a full understanding of iron cycling by organisms in geothermal environments. Moreover, Fortin and Beveridge pointed out the possibility that salt bridges may enable bacteria to bind to the surface of colloidal silica (47) . Indeed, iron-coated B. subtilis captured silicic acids on its surface (48) , and the Fe 3ϩ uptake systems seen in Thermus strains may be related to the biomineralization of silica. The relationship between protein expression and iron concentra- HB8 (TTHA0255, TTHA0344 , and TTHA1292) were aligned using ClustalW. Filled triangles, residues involved in metal-binding site 1 (S1); filled circles, residues involved in S2; open circles, residues involved in S3. Black shading, positions with 100 to 80% amino acid conservation; gray shading, positions showing 80 to 50% conservation. (B) Binding of Fur homologues to the 5= region of sip. All lanes contained 2 nM end-labeled sip promoter DNA (Psip). Lanes 1 to 6, 0, 10, 50, 100, 500, and 1,000 nM TTHA0344 product, respectively; lane 7, same as lane 6 but with a 200-fold excess of unlabeled Psip DNA; lane 8, 1,000 nM TTHA0255 product; lane 9, 1,000 nM TTHA1292 product. Arrow C, Fur-DNA complex; arrow F, free DNA.
tions is highlighted by silicatein, a silica-polymerizing enzyme identified in a marine sponge (49) . In addition, whole-genome expression profiling of a diatom revealed 84 genes that are commonly induced by silicon or iron limitation (50) . Taken together, our results suggest that the availabilities of iron and silicon are tightly coupled, and they provide an avenue for understanding microbiological biomineralization in geothermal environments.
